Focal segmental glomerulosclerosis (FSGS) is a cause of proteinuric kidney disease, compromising both native and transplanted kidneys. Treatment is limited because of a complex pathogenesis, including unknown serum factors. Here we report that serum soluble urokinase receptor (suPAR) is elevated in two-thirds of subjects with primary FSGS, but not in people with other glomerular diseases. We further find that a higher concentration of suPAR before transplantation underlies an increased risk for recurrence of FSGS after transplantation. Using three mouse models, we explore the effects of suPAR on kidney function and morphology. We show that circulating suPAR activates podocyte b 3 integrin in both native and grafted kidneys, causing foot process effacement, proteinuria and FSGS-like glomerulopathy. Our findings suggest that the renal disease only develops when suPAR sufficiently activates podocyte b 3 integrin. Thus, the disease can be abrogated by lowering serum suPAR concentrations through plasmapheresis, or by interfering with the suPAR-b 3 integrin interaction through antibodies and small molecules targeting either uPAR or b 3 integrin. Our study identifies serum suPAR as a circulating factor that may cause FSGS.
Focal segmental glomerulosclerosis (FSGS) is a major cause of endstage renal disease (ESRD) 1 . It affects both native and transplanted kidneys [2] [3] [4] , with recurrence after transplant occurring in about 30% of adult and pediatric FSGS patients 5 . FSGS in its early stages targets mainly podocytes in kidney glomeruli. These cells and their foot processes regulate the renal filtration barrier 6 . Generally, the effacement of podocyte foot processes marks the first ultrastructural step associated with the loss of plasma proteins into the urine 7 . Although podocyte gene defects are a known cause of human FSGS 6 , there are cases in which FSGS occurs in the absence of gene defects or in which proteinuria recurs within a few hours or days after kidney transplantation. These clinical observations have given rise to the idea that FSGS can be associated with a causative circulating factor, the so-called FSGS permeability factor 8 . This concept is supported by the recurrence of FSGS after transplantation 9 , by the response of proteinuria to therapy with plasmapheresis 10 or immunoadsorption 11 , and by a case of transient nephrotic syndrome in a newborn whose mother had FSGS 12 . The search for the circulating factor, however, has been long and painstaking [13] [14] [15] [16] [17] .
We have recently defined a role for the podocyte urokinase receptor (uPAR; encoded by PLAUR) in glomerular disease 18 . uPAR is a glycosylphosphatidylinisotol (GPI)-anchored three-domain (D I , D II and D III , as numbered from the N terminus) protein, which has been identified as a cellular receptor for urokinase, but also as a versatile signaling orchestrator through association with other transmembrane receptors, including integrins 19, 20 . uPAR can be released from the plasma membrane as a soluble molecule (suPAR) by cleavage of the GPI anchor 19 . suPAR can be further cleaved in the linker region between domains D I and D II , thereby releasing, for example, the fragments D I and D II D III . Thus, suPAR is a circulating protein ranging from 20 to 50 kDa, depending on the degree of glycosylation and proteolytic cleavage 19, 20 . suPAR is present under physiological conditions in low concentrations in human blood, and it has a known role as a circulating protein involved in neutrophil trafficking and stem cell mobilization 19, 20 .
It can be elevated in some malignant neoplasms (for example, ovarian cancer 21 ) as well as in HIV infection 22 . On the basis of our recent report showing that induced uPAR expression in podocytes can cause podocyte foot process effacement and proteinuria 18 , we hypothesized that suPAR might be a candidate circulating factor in FSGS. Thus, we analyzed a multicenter collection of sera from glomerular disease patients to investigate suPAR concentrations in cases of FSGS. We found significantly elevated suPAR concentrations in subjects with primary and recurrent FSGS. Mechanistically, enhanced circulating suPAR deposits into the glomeruli, allowing activation of podocyte β 3 integrin. This activation is sufficient to drive podocyte foot process effacement, proteinuria and initiation of FSGS. Moreover, suPAR-induced glomerular disease can be blocked by expression of a suPAR point mutant that is strongly reduced in β 3 integrin binding, or by use of neutralizing suPAR antibodies. In conclusion, our study suggests circulating suPAR as a previously undescribed cause for both primary and recurrent FSGS.
RESULTS suPAR is increased in serum of subjects with FSGS
We found that suPAR serum concentrations are significantly elevated in people with FSGS when compared to healthy subjects (Fig. 1a) . In contrast, we did not observe any significant variance of suPAR in subjects with minimal change disease (MCD)-either in relapse or remissionor in people with membranous nephropathy or preeclampsia (Fig. 1a) . We then stratified the FSGS cases into three different subpopulations: primary FSGS, recurrent FSGS in the allograft and FSGS without recurrence after transplantation. We found the highest suPAR concentrations in pretransplantation blood from subjects with FSGS who later developed recurrent FSGS after transplantation (Fig. 1b) . Thus the pretransplantation suPAR serum concentration may be a predictor of heightened risk of recurrent FSGS after transplantation.
We also compared suPAR serum concentrations in transplanted FSGS patients 1 year after transplantation and found significantly higher suPAR serum concentrations in patients that developed recurrent FSGS than in FSGS patients who received kidney transplants and then had normal renal function (Fig. 1c) . We found that suPAR concentrations correlated with the presence but not with the degree of proteinuria (Fig. 1d) , and they were unrelated to the pretransplanation estimated glomerular filtration rate (eGFR) (which was low) or eGFR after transplantation (which was high), (Fig. 1e,f) .
We also carried out a longitudinal analysis to evaluate serum suPAR concentrations in subjects with recurrent and nonrecurrent FSGS by measuring pretransplantation suPAR serum concentrations and comparing them with suPAR serum concentrations in the same subjects for up to 1 year after kidney transplantation. We noticed that the subects with recurrent FSGS had sustained higher suPAR serum concentrations over the course of 1 year when compared to those in which no transplant FSGS occurred ( Supplementary Fig. 1a,b) . In 8 of 13 subjects that developed recurrent FSGS, we found that suPAR was further increased during the course of the 1-year interval, a finding that was in contrast to the suPAR concentrations we observed in subjects with no recurrence after kidney transplantation. To better define a cutoff for suPAR-associated FSGS, we analyzed the variance in suPAR serum concentrations and found suPAR concentrations of 3000 pg ml −1 or above in 45 out of 63 subjects with FSGS, but only in 4 out of 11 subjects with membranous nephropathy, 1 out of 7 subjects with preeclampsia and in none of 25 subjects with MCD (Supplementary Table 1 ). In summary, our data show that suPAR is increased specifically in FSGS but not in other analyzed glomerular diseases with podocyte involvement, such as MCD and membranous nephropathy, nor in preeclampsia, a proteinuric disease that is caused largely by endothelial dysfunction 23 . As multiple forms of suPAR have been attributed to domain cleavage or alternative splicing 19, 24, 25 , we further defined which forms of suPAR exist in the blood of subjects with FSGS. We did immunoprecipitation on FSGS serum samples with a uPAR-specific antibody and found a predominant suPAR fragment at ~22 kDa, and the other two forms at ~45 and 40 kDa respectively, albeit at much lower expression levels (Supplementary Fig. 2a ). In contrast, healthy subjects do not show strong serum expression of suPAR (Supplementary Fig. 2a ). Next, we tested whether suPAR is albumin bound or freely circulating in the blood. Although we could detect adiponectin, an albuminbound protein 26 , we did not detect suPAR in the albumin immunoprecipitants under the same experimental conditions ( Supplementary  Fig. 2b) . Furthermore, immunoprecipitation of FSGS serum with a monoclonal uPAR-specific antibody, followed by immunoblotting with an antibody specific to human albumin, did not detect albumin from the precipitants (Supplementary Fig. 2c ), thereby suggesting that suPAR in the blood of subjects with FSGS is largely not bound to albumin.
Concentrations of the ligand of uPAR, urokinase (uPA), are often elevated in certain types of cancers that also present with elevated suPAR concentrations in various body fluids 27 . Thus, we measured serum uPA concentrations in the groups within our glomerular disease cohort. Notably, and unlike suPAR, we found no difference in the serum uPA concentrations among the groups ( Supplementary  Fig. 3 ). These findings, together with the data obtained from previous mouse experiments in Plaur −/− mice 18 suggest that, in contrast to cancer, uPA does not seem to be crucial for suPAR-mediated noninflammatory glomerular injury, such as FSGS.
suPAR binds to and activates b 3 integrin in podocytes In podocytes, uPAR binds to β 3 integrin 18 . In addition, suPAR is known to be associated with β 1 and β 2 integrins 28 . Thus, we investigated whether suPAR can also bind to β 3 integrin. Using coimmunoprecipitation of suPAR and β 3 integrin, we observed that suPAR interacted with β 3 integrin (Fig. 2a) , similarly to membrane-bound uPAR ( Fig. 2a and ref. 18 ).
We hypothesized that suPAR could activate β 3 integrin in a similar manner to membrane-bound uPAR in podocytes 18 . The activity of β 3 integrin is typically measured using the activation epitope-recognizing antibodies such as the β 3 integrin-specific antibody AP5 (refs. 29,30) . We used human differentiated podocytes 31 and incubated them either with FSGS serum that contains high concentrations of suPAR or with recombinant suPAR, in the absence or presence of a blocking antibody to uPAR or with the β 3 integrin small molecule-inhibitor cycloRGDfV 18 . After 24 h, we used immunofluorescent staining to analyze the expression and localization of the AP5 signal that corresponds to activated β 3 integrin (Fig. 2b) . We found that human podocytes show low-level activation of β 3 integrin when they are grown in bovine serum or in serum from healthy subjects (Fig. 2b) . In contrast, we found that incubation with serum from subjects with recurrent FSGS (high in suPAR) or with recombinant suPAR strongly induces the AP5 signal in a pattern highlighting areas of focal adhesions; these adhesions are known to be the location of β 3 integrin 32 . We also found that this effect could be blocked by a blocking antibody specific to uPAR or by cycloRGDfV (Fig. 2b) . Next, we studied β 3 integrin activity in human kidneys affected by glomerular disease by analyzing a patient biopsy cohort. We found induced glomerular AP5 staining in 7 of 9 idiopathic FSGS patients, and in all patients with recurrent FSGS (Fig. 2c) . In contrast, we observed no or only weak AP5 signal in glomeruli of healthy kidneys or in kidneys affected by MCD and membranous nephropathy (Fig. 2c) , suggesting that induced podocyte β 3 integrin activity is a specific feature of FSGS.
To show that circulating suPAR affects the transplanted kidney by activating podocyte β 3 integrin, we used double immunofluorescent staining with synaptopodin, a podocyte marker 33 , to analyze aftertransplantation graft biopsies for the presence of AP5 signal in podocytes. We found that β 3 integrin activity is low in graft podocytes before reperfusion, whereas it is markedly increased 2 h after reperfusion in recurrent FSGS, but not in nonrecurrent FSGS (Fig. 2d) . Moreover, we found that the AP5 signal was high in the after-transplantation biopsies from subjects with recurrent FSGS but not in subjects with nonrecurrence, nor in subjects with acute T cell-mediated rejection episodes (Fig. 2d) . Taken together, these findings suggest that increased podocyte β 3 integrin activity is a feature of both native and recurrent FSGS. incubated with serum from healthy subjects (n = 5) or with pretransplantation serum from subjects with nonrecurrent (n = 10) and recurrent FSGS (n = 15). We found that incubation with recurrent FSGS pretransplantation serum significantly elevated β 3 integrin activity compared to serum from subjects with nonrecurrent FSGS or from healthy subjects (Fig. 3a) . In general, we found that suPAR concentrations correlate well with the activity of podocyte β 3 integrin (Fig. 3a) . We then explored whether inhibiting suPAR could lower AP5 activity on podocytes. Indeed, we found that co-incubation of serum from subjects with recurrent FSGS with cycloRGDfV or with antibodies specific to uPAR resulted in a significant reduction of podocyte β 3 integrin activity (Fig. 3b) . The current standard of care for treating recurrent FSGS is (repetitive) plasmapheresis, in which each treatment usually consists of a 1.5-liter plasma volume that is pheresed before replacement with 5% (vol/vol) albumin 34 . To test whether suPAR could be removed by plasmapheresis, we collected serum from subjects with recurrent FSGS immediately before and after a single course of plasmapheresis and analyzed suPAR concentrations. We found that plasmapheresis could significantly reduce suPAR serum concentrations in subjects with FSGS (Fig. 3c) . We then studied the effects of before-and afterpheresis serum samples from subjects with FSGS on podocyte β 3 integrin activity by measuring AP5 signal. We found that plasmapheresis could significantly lower podocyte β 3 integrin activity caused by incubation of podocytes with serum from subjects with FSGS (Fig. 3d) . To further understand the effects of plasmapheresis on patient clinical outcome, we studied four clinical cases of recurrent patients with FSGS who received plasmapheresis after transplantation (Fig. 3e-h) . All patients had elevated suPAR serum concentrations before transplantation. After serial plasmapheresis treatments, we found that two patients reached a clinical remission; their serum suPAR concentrations fell below 2,000 pg ml −1 , and, notably, their serum also lost the capacity to induce podocyte β 3 integrin activity (Fig. 3e,f) . In contrast, the other two patients (Fig. 3g,h ) remained in recurrence despite plasmapheresis. Their serum suPAR concentrations remained elevated and their sera still caused strong podocyte β 3 integrin activity (Fig. 3g,h ). These findings suggest that the disease-stabilizing effects of plasmapheresis depend on lowering individual serum suPAR to levels that sharply decrease podocyte β 3 integrin activity.
Mouse models showing that suPAR causes proteinuria and FSGS
To determine whether suPAR is a cause or a consequence of FSGS, we established three different mouse models: (i) uPAR-knockout (Plaur −/− ) mice injected with recombinant suPAR, (ii) hybrid-transplant mice modeling endogenous suPAR release and (iii) genetically engineered wild-type mice that drive expression of a suPAR plasmid in the skin, leading to increased serum suPAR concentrations.
First, we examined whether exogenous circulating suPAR could deposit into kidneys and cause albuminuria. We used Plaur −/− mice and injected escalating doses of recombinant mouse suPAR protein intravenously into Plaur −/− mice. We found that low-dose injection at 2 and 10 µg did not cause albuminuria, which is consistent with the physiological low concentrations of suPAR we observed in the blood of healthy subjects (Fig. 4a) . However, we found that doses of 20 µg and greater led to induction of albuminuria within 24 h (Fig. 4a) ; albuminuria resolved within 2-3 days (data not shown). When we studied the kidneys of suPAR-injected Plaur −/− mice, we observed a prominent deposition of suPAR along the podocytes of the Plaur −/− mice that had received 20 µg of suPAR, but we did not see this in the mice that received only 2 µg (Fig. 4b) . Moreover, we found that this deposition was associated with an increase in β 3 integrin activity in podocytes, as shown by increased AP5 labeling that, again, is suPAR dose dependent (Fig. 4c) . Next, we studied whether an increase of endogenous suPAR causes kidney disease in wild-type mice. Lipopolysaccharide (LPS) has been shown to increase suPAR in the blood of human subjects through release from monocytes 35 . Thus, we tested whether LPS could also enhance suPAR concentrations in the blood of mice. Indeed, we found that LPS injection causes a strong increase of suPAR in mouse serum (Fig. 4d) and urine, up to fivefold greater than concentrations observed in PBS-injected control mice (Fig. 4e) . Second, we generated kidney hybrid mice in which we removed one kidney from wild-type mice and engrafted a Plaur −/− kidney (Fig. 4f) . These mice fully recovered within 14 d after surgery and had normal renal function (data not shown) and structure (Fig. 4g) . We injected five hybrid-kidney mice with a single low dose of LPS to stimulate suPAR release from circulating blood cells into the serum. Twentyfour h later, we found suPAR in glomeruli of the Plaur −/− kidneys, thereby showing that entry from extrarenal sources can occur after transplantation (Fig. 4h) . Moreover, we showed that there is prominent podocyte foot process effacement in both the Plaur −/− and the wild-type kidneys (Fig. 4g) . Because Plaur −/− mice are generally protected from LPS-induced proteinuria and podocyte effacement 18 , we suggest that the podocyte effacement of the Plaur −/− graft is best explained by deposited suPAR that stems from the wild-type host, thus leading to excessive podocyte β 3 integrin activation in the graft.
Third, to explore whether prolonged elevation of suPAR in the serum of mice causes a progressive glomerulopathy, we engineered wild-type mice that drive expression of suPAR in the skin. We generated a mouse plasmid (sPlaur WT ) based on a known coding sequence for secreted suPAR 26 that contains the D I and D II domains.
We delivered this plasmid into mice by in vivo electroporation into the skin. As a control, we generated a β 3 integrin binding-deficient suPAR mutant, sPlaur E134A . This mutant has a point mutation (E134A) in the D II domain (Fig. 5a) . Both forms of mouse suPAR express equally well in the skin of mice after electroporation (data not shown). Notably, we found that suPAR concentrations in serum and urine start to rise 2 d after electroporation (Fig. 5b,c) . We repeated electroporation once a week to achieve a sustained elevation of blood suPAR concentrations over the course of the analyzed time period (Fig. 5b) . Coinciding with the rise of suPAR in mouse serum, we observed an induction of albuminuria that persisted over the course of the analyzed 4 weeks (Fig. 5d) . Of note, we found that the mice that expressed sPlaur E134A did not become albuminuric, suggesting that binding of suPAR to β 3 integrin is an important characteristic of suPAR-induced renal injury (Fig. 5d) .
We next studied the ultrastructure of podocytes after 4 weeks and noted prominent foot process effacement consistent with glomerular disease; however, we only observed this in mice that expressed suPAR capable of binding β 3 integrin (Fig. 5e) . To study whether the suPAR-induced glomerulopathy behaves more like MCD or FSGS, we analyzed the kidneys by light microscopy and histochemistry. We observed abnormalities in kidney morphology as early as 2 weeks after initial suPAR gene overexpression and found that they were aggravated by 4 weeks. By light microscopy, we found features of a progressive glomerulopathy, including hypercellularity, mesangial expansion, mesangiolysis and occasional tuft adhesions (Fig. 5f) . Of note, we did not detect immune-complex deposition in any of the mice analyzed. The blinded, semiquantitative histopathological scoring 36 revealed indices of a progressive glomerulopathy reminiscent of early FSGS (Fig. 5g) . Notably, we found that these changes were absent in mice expressing sPlaur E134A , which is incapable of β 3 integrin binding (Fig. 5f,g ). To further study the disease-causing effects of suPAR, we also carried out experiments that blocked suPAR action. We administered an uPAR-specific monoclonal antibody to mice expressing sPlaur WT and found protection of proteinuria whereas proteinuria was high when using an IgG isotype control (Fig. 6a) . Our examination of the kidneys in mice that received 4 weeks of uPAR-specific antibody treatment indicated improved morphology and histopathology scores compared to those animals that received isotype control antibodies (Fig. 6b,c) . Moreover, semiquantitative electron-microscopic analysis showed significantly improved podocyte foot process structures in the uPAR-specific antibody treatment group, in contrast to the sPlaur WT mice that received control IgG and that developed foot process effacement (Fig. 6d) . Taken together, this data suggests that neutralization of suPAR action can improve suPAR-induced renal injury.
DISCUSSION
The present study identifies suPAR as a circulating, causative FSGS factor that is elevated in the serum of approximately two-thirds of primary FSGS patients. suPAR-mediated activation of β 3 integrin on podocyte foot processes is the mechanism of injury caused by high suPAR blood concentrations. Since the first clinical description of nephrotic syndrome recurrence after kidney transplantation 37 , there has been mounting evidence suggesting the presence of a circulating permeability factor both for native and transplant FSGS [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Although others have proposed the existence, in subjects with FSGS, of a 30-to 50-kDa glycoprotein that could be removed by plasmapheresis 38 , the molecular identity and the mechanisms of action have not yet been elucidated. On the basis of our previous work, in which we showed that podocyte-produced membranebound uPAR is induced in FSGS and diabetic nephropathy to pathologically activate β 3 integrin, thereby causing foot process effacement and proteinuria 18 , we examined the role of circulating suPAR in idiopathic FSGS. The analysis of human serum samples in a glomerular disease cohort showed elevated serum concentrations of suPAR in a population of pediatric and adult FSGS patients. Furthermore, our studies of mouse models with engineered serum suPAR overexpression showed the development of a renal disease characteristic of FSGS. High pretransplantation serum suPAR concentrations are associated with the presence of native FSGS and also constitute a significantly increased risk for recurrent FSGS after transplantation. One year after kidney transplantation, suPAR concentrations remained significantly elevated in patients who developed FSGS recurrence.
The amount of podocyte β 3 integrin activity that is driven by circulating systemic suPAR depends on the amount of individual serum suPAR and, possibly, also on suPAR post-translational modifications (such as glycosylation status). In addition, podocyte β 3 integrin activity can also be driven by augmented podocyte uPAR expression, which is sufficient to initiate podocyte foot process effacement and proteinuria 18 . Podocyte β 3 integrin activity seems to be independent of total serum uPA concentrations; this is in contrast to the suPARuPA associations in some forms of cancer 19, 27 . The exact differences of FSGS-causing suPAR and cancer-associating suPAR will likely be a key focus of future studies.
Several modes of interference can protect from suPAR-mediated podocyte injury: (i) blockade of suPAR using a blocking antibody specific to suPAR; (ii) protecting β 3 integrin from increased activation by cycloRGDfV or β 3 integrin-specific antibody 18 ; (iii) blocking suPAR-β 3 integrin interaction by modulating the suPAR-β 3 integrin binding site (E134A) and (iv) removing suPAR by plasmapheresis to levels that decrease podocyte β 3 integrin activity.
Using assays that measure all suPAR forms, we noted that ~70% of subjects with primary FSGS presented with significantly elevated concentrations of serum suPAR before transplantation when compared to other primary glomerulopathies. In addition, we found that total suPAR concentrations remained significantly elevated after kidney transplantation in people who have developed recurrent FSGS compared to those with proper renal function. On the basis of these clinical observations, we created mouse models that could explore the cause or effect nature of suPAR and demonstrate the kidney pathogenicity of elevated systemic suPAR. Notably, we found different forms of suPAR that correspond to different domain fragments in the serum of subjects with FSGS, with molecular weights ranging from 22 to 45 kDa. This is close to the molecular range (30 to 50 kDa) of the factor predicted by others 15 .
Our study provides the rationale for a more measurable prediction of FSGS risk in subjects with FSGS before and after transplantation. Approximately 70% of subjects with FSGS have elevated concentrations of suPAR compared to other glomerular diseases such as membranous nephropathy, MCD or preeclampsia. This further separates FSGS from other glomerulopathies involving phospholipase A2 receptorspecific antibodies in membranous nephropathy 39 and factors such as angiopoietin-like 40 or c-mip in MCD 41 . Because suPAR is detectable both in healthy human subjects and normal mice, physiological suPAR concentrations or physiological suPAR domain combinations do not seem to be harmful. It is also important to note that there might be species differences with respect to the pathogenic strength of various suPAR domain combinations. Future studies with new and more specific suPAR domain-specific antibodies should clarify this question and focus more on the role of suPAR glycosylation in FSGS. Another interesting question is why a few FSGS patients without elevated suPAR still develop FSGS as well as recurrent FSGS. An obvious answer would be that suPAR can act in concert with podocyte uPAR 18 and this might drive FSGS even in the absence of high suPAR concentrations. Another reason might be that native FSGS is caused by a mutation in a podocyte gene 6 . Also, the current ELISA assay for serum suPAR is likely to measure all suPAR domains, and thus it might be possible that FSGS subjects with low total suPAR do have a higher portion of pathological suPAR fragments that current tests cannot readily detect. Once new reagents are developed, even more subjects with FSGS might test positive for pathological suPAR, thereby further increasing the clinical prediction of the test. Alternatively, there is the possibility of the presence of yet-to-be-identified additional permeability factor candidates 17 or the absence of protective podocyte factors 42 .
Podocyte β 3 integrin expression and activation responses must also be evaluated further. Future studies will have to focus more on the expression of the β 3 integrin-encoding gene (ITGB3) in the graft 43 or consider genetic polymorphisms of ITGB3 such as the platelet antigen 2 (Pl A2 ) polymorphism 44 . The latter has been shown to facilitate β 3 integrin activation 44 . It will have to be tested to see whether the presence of this polymorphism also contributes to the development of recurrent FSGS. Notably, recipients of kidney transplants that are positive for the Pl A2 polymorphism have been identified as carrying extra risk for acute renal graft rejection, thus affecting short-term graft survival 45 . Moreover, the prevalence of this polymorphism is increased in dialysis patients 46 , suggesting that Pl A2 status may have a general role in renal diseases.
In conclusion, we show that suPAR is a circulating factor that can cause FSGS before and after transplantation. Our studies will allow better risk stratification of patients with FSGS by measuring serum and urine concentrations of suPAR, and they will provide the conceptual framework for refined treatment options that remove or neutralize suPAR to a level insufficient to activate podocyte β 3 integrin. Regardless of the source of the stimulant (podocyte or systemic), a pathological activation of podocyte β 3 integrin is emerging as a key event for the initiation of proteinuric glomerular disease; it is likely to be important in some forms of secondary FSGS, such as diabetic nephropathy 18 , as well. Accordingly, pharmacological modulation of excessive podocyte β 3 integrin activation is a promising target for achieving protection from renal disease.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemedicine/.
